The R-matrix method has been used for theoretical calculation of electron collision with atoms and molecules for long years. The method was also formulated to treat photoionization process, however, its application has been mostly limited to photoionization of atoms. In this work, we implement the R-matrix method to treat molecular photoionization problem based on the UK R-matrix codes. This method can be used for diatomic as well as polyatomic molecules, with multi-configurational description for electronic states of both target neutral molecule and product molecular ion. Test calculations were performed for valence electron photoionization of nitrogen (N 2 ) as well as nitric oxide (NO) molecules. Calculated photoionization cross sections and asymmetry parameters agree reasonably well with the available experimental results, suggesting usefulness of the method for molecular photoionization. a)
I. INTRODUCTION
Photoionization of molecule has been studied for long year because of its importance in modeling and understanding upper atmosphere, interstellar clouds and industrial plasma.
Photoionization process has also been used to understand nature of molecular electronic states as well as dynamics of nuclei on excited electronic state 1 . In addition to the conventional measurement of integral cross section and photoelectron asymmetry parameter for randomly oriented molecule, recent developments of experimental technique have made it possible to extract photoelectron angular distribution from oriented molecule 2 , perform accurate measurement of inner-shell photoionization cross section 3 .
Several theoretical methods have been developed for treating photoionization of molecule, based on the Schwinger variational principle 4 , random phase approximation 5, 6 , timedependent density functional theory 7 , complex basis function 8, 9 , Stieltjes imaging method 10 , and so on. These methods have successfully reproduced or predicted experimental results for photoionization of small to medium sized molecules in the gas phase.
The R-matrix method, originally developed for nuclear reaction 11 , has been applied for accurate calculation of cross section for electron collision with atoms, molecules and ions with great success [12] [13] [14] [15] [16] . As the other electron scattering theories such as the Schwinger variational method 4 and the Kohn variational method 17 , the R-matrix method was also formulated to treat photoionization of atoms and molecules 18 . In addition to the singlephoton ionization process, the method was also modified to treat multi-photon ionization process 19, 20 . There have been many applications of the R-matrix method to photoionization of atoms 12, 18 , however, its application to molecular photoionization has been fairly limited,
with only a few reports on hydrogen molecule 21, 22 . The ab initio R-matrix method can reproduce the existing experimental cross sections very well, as has been demonstrated in the previous electron-molecule scattering calculations 23, 24 . Thus, the method is expected to work efficiently in molecular photoionization problem as well. Introduction of a different method, the R-matrix method, may be useful when various theoretical methods are compared with experiment. In the R-matrix treatment of photoionization, it is possible to represent electronic states of target molecular ion by multi-configurational wavefunctions, as it has been in the R-matrix calculations on electron molecule collisions [12] [13] [14] [15] [16] 23, 24 . This multi-configurational representation of wavefunction may be good for description of satellite or resonance states with multi-configurational character, as well as introducing correlation in the initial and final states.
In this work, we implement the R-matrix method of molecular photoionization based on the work of Burke and Taylor 18 originally proposed for atomic photoionization. Our procedure is roughly divided into two stages. In the first stage, we perform R-matrix calculations for electron collision with molecular ion, and obtain eigenvalues and eigenvectors of the R-matrix eigenstates by diagonalizing the electronic Hamiltonian inside the R-matrix sphere. In the second stage, the initial and final state wavefunctions of photoionization are constructed as linear combinations of the R-matrix eigenstates obtained in the first stage, then the transition dipole moments between these initial and final state are obtained for calculation of photoionization cross section and asymmetry parameter. For calculation in the first stage, we use the polyatomic version of the UK R-matrix codes developed by Morgan et al. 13 The UK R-matrix codes has been successfully applied to many electron-molecule scattering problems in the past. In this work, some modifications are made to the UK R-matrix codes, e.g., to enable transition dipole moment calculation between the R-matrix eigenstates. In order to verify reliability and accuracy of the R-matrix method for molecular photoionization, cross sections and asymmetry parameters are calculated for valence electron photoionization of nitrogen (N 2 ) and nitric oxide (NO) molecules randomly oriented in the gas phase, and the results are compared with existing experimental and theoretical data. N 2 has been benchmark molecule for various theories of photoionization, and will be also good for the first test calculation of the R-matrix method for molecular photoionization.
In contrast to N 2 molecule, number of calculations on photoionization of NO molecule is limited 25 . We selected NO molecule as the second test case, to see capability of the method
to treat this open-shell molecule with Π ground state.
II. THEORETICAL METHOD
In this section, we describe the procedure to obtain molecular photoionization cross section and asymmetry parameter using the R-matrix method. Our discussion mainly follows 
wherek ′ represents direction of a photoelectron with wavenumber k in laboratory frame, E r is photon energy, P L is a Legendre polynomial, θ ′ is the angle between the direction of photoelectron and the polarization vector of the incident photon. Here we assume that the photon beam is linearly polarized. The expansion coefficient A L (k) is represented as
space is divided by two regions according to the distance r ne of the scattering electron, i.e., photoelectron, and the center of mass of the molecular ion having (n e − 1) electrons. In the inner region, defined by condition r ne < a, the n e -electron wave functions of the total system are represented by (n e − 1)-electron wave functions of molecular ion augmented by diffuse functions which describe a scattering electron,
where A is an antisymmetrization operator, x i represents spacial and spin coordinates of the ith electron,φ i are the eigenstate of the total spin and its z component constructed from the (n e − 1)-electron wave functions of the molecular ion φ i and the spin function of the scattering electron, u j are continuum orbitals representing wave functions of the scattering electron, and X q are bound n e electron wave functions composed of the target molecular orbitals and the extra target virtual orbitals, the coefficients a ij and b q are determined by diagonalization of H ne + L ne where H ne is the electronic Hamiltonian and L ne is a Bloch operator 28,29 accounting for surface term. In the outer region r ne > a, the problem is reduced to single electron scattering, ignoring exchange of the scattering electron with the electrons of the molecular ion. Interaction of the scattering electron and the molecular ion is considered through static multipolar interaction potentials which introduce inter-channel couplings. The R-matrix eigenstates obtained by diagonalization of the Hamiltonian in the inner region are converted to the R-matrix R ij at the boundary r ne = a as,
where E k is eigenvalue of Φ k , E is the energy of the total system, and the boundary amplitudes w ik is given by
For photoionization problem, the final states Ψ
in Eq. (3) are expanded by the R-matrix eigenstates Φ k as 18 ,
Here Ψ
is denoted as Ψ − f for simplicity. Using the relation 18,30 which holds for the R-matrix amplitudes and the final state wave functions, the expansion coefficients can be written as,
where E f is the energy of the final state, which is equal to E i + E r with the initial state energy E i and the photon energy E r . The parameter b is related to the logarithmic derivative of the scattering electron wavefunction at the R-matrix boundary and is set to zero in this work. The radial function y jf is defined as
We have to determine the radial functions and their derivatives in Eq. (11) to evaluate the final state wave functions. In the outer region, the radial functions y jf satisfy the differential
where n is the number of channels considered in the R-matrix model, z is the net charge of the molecular ion, k j is the wavenumber of the electron in the jth channel and V jk (r) represents multipole potential. 30 When n a channels are open, we have n + n a independent solutions of Eq. (13) with the asymptotic boundary conditions,
where
with η i = −z/k i . The radial functions y jf are expanded by these n+n a independent solutions v ij as,
By inserting Eq. (16) into the R-matrix relation 18, 30 ,
and using the ingoing wave asymptotic conditions of y f ,
with K and K ik being K-matrix and its elements, we obtain (n + n a ) linear equations for (n+n a ) unknown coefficients x k . The expansion coefficients x k can be determined by solving these equations, and as a result, we can evaluate the final state wavefunctions Φ − f using Eqs. (10) and (11) .
In this work, the initial state wave function Ψ i is also expanded by the R-matrix eigenstates as described in Burke and Taylor 18 ,
where the coefficient A ki is given by Eq. (11) with E f and y jf replaced by the energy E i and the radial function y ji of the initial state. The radial functions y ji are expanded by the independent solutions of the differential equations (13) as,
Since we are treating bound initial state, all channels are closed, n a = 0, and all independent solutions decay to zero as r approaches infinity. By substituting Eq. an orthogonal MO set used in Eq. (7), these Gaussian functions were orthogonalized against the valence and extra virtual MOs obtained by the CASSCF calculation. The procedure for construction of the 14-electron configurations in Eq. (7) is almost the same as we did in the previous work of electron -N 2 scattering calculation 24 , except the number of electron in the system, and is not repeated here. Radius of the R-matrix sphere was chosen to be 10 a 0 in our calculations. The R-matrix calculations were performed for the singlet A g , B 1u , B 2u
and B 3u symmetries of the e+N + 2 system, where the A g result was used for the ground state of the neutral molecule whereas the other symmetries were used to construct the final state wavefunctions.
Detail of the electron -NO
+ R-matrix scattering calculation is similar to the electron i.e., expansion coefficients of the lowest eigenvalue states are almost unity whereas they are less than 10 −4 for the other R-matrix eigenstates. Thus, we just substituted the initial state wave functions in Eq. (3) by these lowest eigenvalue R-matrix eigenstates. Note that the above procedure means that the ground state wavefunction of the neutral molecule is described by the MOs of the molecular ion. This is approximate method for description of the ground state wavefunctions, however, it greatly simplifies evaluation of the transition dipole moments, since the same set of MOs is used in the initial and the final state wavefunctions.
In order to obtain the transition dipole matrix elements of Eq. (3), we evaluated the dipole matrix elements between the R-matrix eigenstates. Then the expansion coefficients for the final state wave functions were calculated using Eqs. (11) and (16) . In principle, accurate solutions of differential equations (13) with proper boundary conditions (14) have to be used for Eq. (16). Such solutions are usually prepared by the asymptotic expansion 36, 37 and inward integration to the matching point r = a. However, the asymptotic expansion is not so accurate for small r and near the ionization thresholds, where we have 80 such thresholds for N 2 photoionization and 60 for NO molecule in our R-matrix models. Also, inward integration is unstable due to exponential growing of closed channel components.
In this work, we approximated v ij by the Coulomb functions ignoring multipole potentials of the molecular ions. Based on the calculated transition dipole moments, photoionization cross sections and asymmetry parameters were evaluated using Eqs. (2), (5) and (6).
Ionization Potentials
In Table I Tables I and II were extracted from the ionic and neutral energies used in the R-matrix photoionization calculations. Since we did not attempt to adjust these energies to the experimental IPs, the ionization thresholds in our cross sections and asymmetry parameters are shifted relative to the correct experimental values.
N 2
In Fig. 1 45 are included in the figure.
Our SCF cross section is smooth and has a large broad peak around 30 eV, originated from the σ * shape resonance. In contrast, our CASSCF multi-channel cross section has numerous In Fig. 8 , photoionization cross sections and asymmetry parameters for the NO + w 3 ∆, however, we put these electronic states in the R-matrix model. These narrow peaks in our results are not observed in the previous experimental results. In this work, we employed the fixed nuclei approximation. However, if we include the effect of vibrational motion by using the adiabatic averaging method or the non-adiabatic R-matrix method, these narrow sharp peaks may be averaged and look less prominent.
As can be seen from the figures, the shapes of the photoionization asymmetry parameters are closely related to the main electronic configuration of the molecular ion, in other words, the molecular orbital from which ionization occurs. When the molecular ion has a (σ) −1 configuration, e.g., N Table I and II. However, in case of inner-shell ionization, this compensation does not work well, e.g., the ionization threshold for the N + 2 (1σ g ) −1 state is about 4 eV lower than the experimental value in our preliminary calculation. Thus, we may need to use non-orthogonal MO sets to describe neutral and ionic states, when the R-matrix method is applied to inner-shell photoionization.
Comparison of our calculation with the previous experimental and theoretical works demonstrates that the R-matrix method is well suited to treat valence electron photoionization of closed-shell as well as open-shell molecules such as N 2 and NO. We implemented the method as simple as possible. So, effects of the velocity form dipole moment, multipole potentials, vibrational motion etc. are not discussed or considered in this paper. In the future, we will study these issues along with application of the method to inner-shell molecular photoionization.
IV. SUMMARY
In this work, we implemented the R-matrix method to treat molecular photoionization based on the procedure described by Burke and Taylor 41 The other details are the same as in Fig. 1 The other details are the same as in Fig. 1 . 
